Introduction
In his pioneering paper, Kachanov (1958) introduced the field variable ~b, called continuity, which is considered by many as the starting point of continuum damage mechanics (CDM). Over the years D = ( 1 -~,) has become accepted as a thermodynamical internal state variable. D = 0 identifies the virgin state, and D = 1 is used to identify the total failure. In reality, both extremes, D = 0 and D = 1, are asymptotic states that can never be attained physically. Most materials and structures have initial microcracks and flaws from the manufacturing process, so the initial value of D is not zero. Moreover, most structures collapse long before D reaches a value of 1. Finding a universal metric to quantify D has always been the biggest challenge in CDM. Lemaitre (1996) has presented an excellent physical explanation of damage mechanics at the most basic level. To briefly summarize his definition of damage, at the atomic level cohesive forces that hold the materials together are due to the interaction of electronic fields. The onset of damage process and plastic microstrains is the result of debonding at the atomic level. In metals regular arrays of atoms compose the structure except where there are dislocations on many lines where atoms are missing. Under external perturbations, the dislocations may move by the displacement of bonds thus creating a plastic strain by slip without any debonding. In the case where the dislocations can not propagate due to a microdefect, a constrained zone is created in which another dislocation may be stopped. This second process cannot occur without debonding. Several arrests of dislocations nucleate a microcrack.
Other damage mechanisms in metals are intergranular debonding and decohesion between inclusions and the matrix. Essentially, damage occurs as a result of debonding process starting from the atomic level to the onset of microcracking at the mesoscale.
The purpose of this ongoing project is to develop a thermodynamic framework to model the evolution of the damage mechanism and propose a metric to quantify the damage.
It is assumed that the reorganization that takes place in the microstructural configuration of a material during the damage process is, in general, irreversible. a following compression cycle. Discussion of this current unresolved debate is outside the scope of this paper.
During the self-organization process, the entropy that is a measure of disorder in the system must increase according to the second law of thermodynamics. Direct measurement of anisotropic damage has not been easy to accomplish up to now. Usually, damage-related parameters have been used to quantify accumulative damage in the laboratory. Different metrics have been proposed in the literature to quantify damage in a material or a structure such as the plastic strain or the maximum deflection. In the laboratory, damage can be measured by total crack area, degradation of elasticity module, variation in ultrasonic wave propagation speed, variation of the microhardness, change in electrical conductivity, thermal resistance ratio, variation of density, cyclic response ultimate stress amplitude drop (a.k.a., load drop), acoustic properties, tertiary creep response and others. Most of these measurement methods are discussed by Lemaitre (1996) in great detail. On the other hand, in numerical analysis procedures, such as the finite element method, irreversible deformations or the energy dissipated in the system have been the most commonly used damage metrics in the literature. Kachanov ( 1958 , 1986 ), Rabotnov, (1969 , Valanis ( 1971 Valanis ( , 1997 , Chaboche (1988) , Murakami (1988) , Onat, and Leckie (1988) , Krajcinovic (1989) , Ju (1990) , Bazant (1991) , Chow and Chen(1992) , Muhlhaus et al. (1994) , Voyiadjis and Thiyagarajan (1996) , Lemaitre (1996) , and others have presented damage mechanics in a thermodynamic framework using the plastic strain, the plastic strain rate, or the energy as the primary damage metric.
Using the plastic strain as a damage criterion may, under special loading conditions, lead to reasonable qualitative estimates, Ozmat (1990) . But many researches, Dasgupta et al. (1994) and others, have shown that the maximum plastic strain and damage (microcracks) can localize at different locations in the material. Many researchers have also shown that plastic strain is not a reliable damage metric and different stress paths to the same final state of stress yield different plastic strain values. Solomon and Tolksdorf (1996) and others have shown that using dissipated energy alone does not lead to a unique damage value. Loading and strain rates significantly vary the energy dissipated in the system.
The proposed model uses entropy as a damage metric. The first question comes to mind is that entropy is not a primitive quantity. Valanis (1971) used the concept of thermodynamic internal variables to render entropy a state function. Valanis (1971 Valanis ( , 1997 was the first researcher to prove the existence of entropy in the presence of irreversible processes.
Entropy and Disorder in Thermodynamics
In physics, it is an established principle that heat is disordered energy. "For example a flying rifle bullet carries ordered energy. The motion of the bullet is the kind we call kinetic. When the bullet hits a steel plate and is stopped, the energy of its motion is transferred to random motions of the atoms in the bullet and the plate. This disordered energy makes itself felt in the form of heat (and irreversible deformations). This example illustrates the general principle that energy becomes heat (and irreversible deformation) as soon as it is disordered..." (Halliday and Resnick, 1966) . From solid mechanics point of view we are interested in the conversion of ordered energy into disordered energy.
"In order to establish a relation between disorder and energy, we must use a quantitative scale for disorder. The quantity of disorder is measured in terms of a mathematical concept called entropy." (Halliday and Resnick, 1966) . Because of this connection between disorder and entropy, like entropy disorder must increase in natural processes.
Boltzmann (1898) using statistical mechanics gave a precise meaning to disorder and established the connection between the disorder and the entropy by the following relation,
where ~-is the entropy of the system, k is the Boltzmann's constant and W is the disorder parameter, which is the probability that the system will exist in the state it is relative to all the possible states it could be in. "This equation connects a thermodynamic or macroscopic quantity, the entropy, with a statistical microscopic quantity, the probability..." (Halliday and Resnick, 1966) . "The statistical definition of entropy given by Eq. ( 1 ) connects the thermodynamics and the statistical mechanics pictures and enables us to put the second law of thermodynamics on a statistical basis. The direction in which natural process take place (toward higher entropy) is determined by the laws of probability (toward a more probable state)." (Halliday and Resnick, 1966) .
The entropy in the context of the Helmholtz free energy function is given by
where ~b is the Helmholtz free energy, e is the internal energy, 0 is the absolute temperature and s is the entropy. Equation (2) is defined for a unit mass. In order to obtain the entropy in Eq.
(1) per unit mass we need to multiply Eq. (1) by Avogadro's number and divide it by the specific mass (n~s gram/mole), Dunstant (1968) . The entropy of a unit mass is then given by 
Let us select an initial reference state of the solid body with disorder Wo; then, the change in disorder at any arbitrary time with respect to the initial reference state is given by
It should be pointed out that eo and qSo are the internal energy and Helmoltz free energy values for the initial reference state. We do not assume any particular values for the initial arbitrary state. The change in disorder in the system is relative to this initial arbitrary state.
Let us define a variable D as the ratio of the change in disorder parameter to the original reference state disorder parameter as (Yan, 1997)
w0
Assuming that temperature changes occur in relatively small steps, A0, and expanding the exponential term in Eq. (6) 
We need to exploit the thermodynamic relations in order to obtain the numerator in Eq. (8).
Thermodynamic Relations
In order to be able to implement Eq. (8) in a numerical analysis procedure, the internal energy and the free energy terms must be obtained in a form that can be computed. Let us assume that a thermodynamic system has a volume, V, mass, M, and the surface of the given volume is S.
Let us define ti = oun j as the surface traction vector, where a 0 is the stress tensor, n i is the normal unit vector on the surface, bi is the body force vector per unit mass tensor, and p is the unit mass density. The total kinetic energy T in the volume is then given by
where u~ is the displacement vector, and g~ is the velocity vector. The work done by the external forces is W= fsU, t, dS + fvPb, u, aV.
Using Gauss's theorem, we can replace the surface integral by a volume integral (Hildebrand, 1976) fs am, dS = fv Oa'
where ai is an arbitrary vector. Using Eq. ( 11 ) we can rewrite Eq. (10) as
Let -~ be the distributed internal heat production rate per unit mass and qi be the heat flux vector; then, the heat input rate obtained in the volume is o=-fsq, n, dS+fvP~'dV
,,Iv Ox~ (positive direction is defined from the inside of the control volume to the outside). If we define "e" as the internal energy per unit mass and E as the total internal energy in V, then
Using Eqs. (9) and (14), the total energy rate is given by
According to the first law of thermodynamics, the work required to bring a thermally insulated system from one completely specified state to a second completely specified state is independent of the source of the work and of the path through which the system passes from the initial to the final state; hence,
Using Eqs. (12) (13) and (15), we can write the following relation:
fv Oqi fv
The equilibrium equation in solid mechanics is given by
Ocr~ + pbi = p--. (18) Oxj dt
Substituting Eq. (18) into Eq. ( 17 ) and using tensorial relations yields, (19) Equation (19) is derived for infinitesimal deformation increments and there is no restriction on the constitutive relationship. It can therefore be used for elastic and inelastic behavior. The free energy, ~, in a thermodynamic system is defined as the portion of the internal energy available for doing work at constant temperature. In solid mechanics terminology, the free energy is the isothermal recoverable elastic energy given by
Oqi pd = c~ij~j -~-+ p%
where e ~) is the elastic component of the total strain tensor. The internal energy per Eq. (19) is given by
where d% is the incremental total strain tensor. Even though the free energy given by Eq. (21) is defined for isothermal condition, it can successfully be used for nonisothermal conditions in a numerical analysis procedure. When incremental theory of plasticity is implemented in a numerical analysis procedure equilibrium is satisfied in an incremental sense. Every load step becomes an isothermal equilibrium state. The variable temperature is defined as a succession of isothermal states. Therefore, Eq. (21) can be used for isothermal and nonisotherreal problems in numerical analysis procedures. Substituting Eqs. (20) and (21) in Eq. (8) yields
where
where dei}' is the incremental inelastic strain tensor. Equation (22) shows that the damage is not only a function of the loading or straining process but also of temperature. Heat generated by the material and the heat pumped into the system also contribute to the damage process. This finding is similar to the one reported by Honein et al. (1997) . The metric proposed above renders damage a probabilistic event rather than deterministic. From the formulation presented above it can be inferred that using inelastic strain alone as a damage metric can yield inaccurate results.
In the proposed framework it is assumed that a uniform increase in temperature in a stress free field does not cause any damage.
The damage evolution law given by Eq. (22) is implemented in a disturbed state concept (DSC) material modeling formulation and is used to simulate laboratory test results. The DSC has extensively been used for modeling geomaterials, concrete, metals and Pb/Sn solder alloys, and interfaces (Desai (1995) ; Desai and Toth (1996) ; Desai et al. (1997) ; Basaran et al. ( 1998) ; and many others). The thermoviscoplastic Pb40/Sn60 constitutive model used in this study is presented in Basaran et al. (1998) in great detail, including the material constants.
Comparison With Fatigue Test Data
The proposed damage evolution function was verified against test data reported in the literature. Solomon (1989) ran low cycle fatigue tests at different isothermal conditions, -50°C, 35°C, 125°C, and 150°C. The author conducted cycling simple shear tests on Pb40/Sn60 solder layers approximately 0.0075 in (0.19 ram) thick. The solder joints were made by soldering two brass or copper blocks, each of which had a 0.5 in (12.7 ram) by 0.1 in (2.5 ram) area. The shearing was done in the direction of the 0.5 in dimension. All the loading was done with equal positive and negative plastic strain limits with equal ramp rates in a box fed with dry nitrogen.
The following load-drop parameter was determined experimentally by Solomon (1989) to quantify the degradation of the solder joints:
where Ap is the load range at any cycle in the test and APm is the maximum load range which is measured in the first cycle or at most in the first few cycles. Solomon (1989) reported the load-drop parameter versus the number of cycles and also the low cycle fatigue life for a range of plastic strain values. In the verification of the present model the quantities reported by Solomon (4) and fatigue life) are computed by integrating the incremental stress-strain relation and compared with the test data.
The material constants needed for the damage law are presented in Table 1 . The material constants needed for Pb40/ Sn60 constitutive model are presented in Basaran et al. (1998) .
Discussion of the Fatigue Test Results
Using the constitutive formulation presented in the preceding section, the values of 4' are computed by integration of the incremental constitutive equations. A study of the figures indicates that the proposed damage model performs very well except in the first few cycles and small percentage load drop failure definitions. This is probably due to the fact that each solder joint has initial defects and microcracks due to manufacturing. These initial defects dominate the damage experienced in the first few cycles. From the test results it is obvious that for the first few cycles test results This result is obviously due to the fact that each solder joint specimen has different volume of initial microcracks. In microelectronics packaging manufacturing, it is very well known that the same solder joint cannot be reproduced. The damage model does not take into account these the initial defects and the initial microcracks. It could be speculated that by incorporating the initial defects into the model the prediction performance would improve in the first few cycles and for small percentage load drop failure definitions. Since these first few cycles do not determine the fatigue life, discrepancy between the simulation and test results can be ignored for all practical engineering purposes. The evolution law presented in this paper considers the damage as an isotropic internal state variable. This isotropic damage assumption is realistic in many cases especially under conditions of proportional loading when the principal stress directions remain unchanged, Lemaitre (1996) . This assumption allows prediction of crack initiation conditions with an acceptable accuracy for many engineering applications. In fact most materials under special loading conditions and brittle materials develop anisotropic damage. Improving the model to characterize anisotropic damage will be the next step in the development of a comprehensive CDM model.
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Conclusions
The model presented in this paper exploits the relationship between the disorder and entropy established by Boltzmann using statistical mechanics and the second law of thermodynamics. The proposed framework assumes that tile damage and the disorder are analogous concepts and the thermodynamic disorder can be used to model the damage evolution. It establishes a thermodynamic framework for quantification of damage in the materials. Comparison of numerical simulations with the test data indicates that the proposed damage model yields reasonably accurate and unique results for ductile metal alloys.
Further material testing is needed to prove that the model can be a universal metric for damage quantification for brittle materials and other ductile materials.
The model allows determination of low cycle fatigue life at the constitutive level without the need for Coffin-Manson curves. The proposed unified fatigue life cycle model can simplify analysis/design significantly and can enhance the accuracy of the reliability studies.
